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Abstract
With the introduction of new materials in ice hockey sticks in the past several decades there is increasing interest in material 
properties that affect the slap shot. Stick interrogation is complicated due to the variation from player to player and even shot to 
shot. To isolate the parameters affecting puck speed, a finite element model was employed that simulated a slap shot. The stick 
was modeled as a linear elastic material and the puck was modeled as a viscoelastic material. Puck speeds found good agreement 
with experiment and increased slightly with increasing shaft stiffness. The trend was attributed to the constant displacement 
boundary condition used in the model, which may be more appropriate for low force wrist shots, however. Stick mass moment of 
inertia had no effect on puck speeds while impacting the puck closer to the toe resulted in higher shot speeds.
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
The slap shot is popular among fans and players due to excitement created by the violent stick-puck collision and
competitive advantage afforded by high puck speeds [1]. There is, however, wide variation in slap shot technique, 
especially at the recreational level. Differences in technique and consistency make it difficult to quantify factors 
contributing to puck speed among and between players. In the following a slap shot is simulated numerically, to 
identify factors that affect shot speed, while avoiding variation due to player consistency that occurs in field testing.
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An important aspect of numerically describing impact is accounting for energy dissipation, which is often done 
using viscoelasticity [2]. The time dependent shear modulus of a viscoelastic material model may be defined by
ܩ(ݐ)=ܩஶ+(ܩ଴ିܩஶ)݁ିఉ௧  (1)
where k is a constant bulk modulus, G0 is the instantaneous shear modulus at t = 0, GĞ is the fully relaxed shear 
modulus at t = Ğ, and the magnitude of £ determines the time sensitivity of the model. It was has been observed 
that finite element analysis with tuned viscoelastic material models agree well with experimental data [3,4].
Numerical simulation of hockey stick performance appears to be novel, as the authors have found no treatment of 
this subject in the refereed literature.  Hockey sticks have been studied experimentally, where stick flex did not have 
a significant effect on puck speed [5]. The following considers a novel dynamic finite element model of an ice 
hockey slap shot. Material properties for the puck and stick, as well as player motion were measured experimentally. 
The model was used to identify variables contributing to puck speed.
2. Methods
2.1. Stick Model
Three wood shaft sticks of the same model with full fiberglass blades were used in this study. A three-point bend 
test was performed on each stick to measure the bending stiffness, EI, of the shaft. The sticks were positioned in a 
load frame with a span of 560 mm. The stick was loaded with the blade parallel to the ground and normal to the 
direction of the applied load. The shaft was loaded at its center at 13 mm/min. until a maximum force of 445 N was 
reached. The bending stiffness of the blade of each stick was measured using a three-point bend test and load frame 
with a span of 200 mm. The load was applied 150 mm from the toe at the blade’s center and normal to the front face 
of the blade (as the blade is loaded by a puck during a slap shot). The blade was preloaded to 110 N to ensure the 
blade was in contact with the supports before loading at 3.05 mm/minute to 890 N. The bending stiffness for both 
the blade and shaft (denoted with subscript b, and s, respectively) was found from
ܧܫ = ି௉௅
య
ସ଼௩೘ೌೣ
 (2)
where E is the elastic modulus, I is the second moment of inertia of the cross section, P is the load applied at 
maximum deflection, vmax is the maximum deflection, and L is the span between the supports. The bending stiffness 
for each stick, along with the average for all sticks, can be seen in Table 1.
A three-dimensional modal analysis was performed to measure the vibration response of the three sticks. A 
roving hammer test using a 1.0 g triaxial accelerometer (PCB Piezotronics, Model 356A03, Depew, NY) and 
modally tuned impulse hammer (PCB Piezotronics, Model 086C02, Depew, NY) measured the frequency response 
function (FRF) for each impact. The FRF were post-processed using STAR7 Modal (Spectral Dynamics, San Jose, 
CA) to obtain the stick’s modal frequencies and mode shapes, as summarized in Table 1. The low variation for the 
first and second bending modes indicated a strong similarity between the sticks. The moment of inertia (MOI) of 
Table 1: Summary of wood stick weight and stiffness properties
Stick Number
Weight 
(g)
MOI
(g m2)
EIs
(N m2)
EIb
(N m2)
First Bending 
Frequency (Hz)
Second Bending 
Frequency (Hz)
1 723 202 348.7 18.4 45.8 117.7
2 715 194 340.9 18.1 45.7 116.3
3 703 196 316.3 15.7 44.9 113.3
Average 714 197 335 17 45.5 115.8
FEA 714 197 367 17 43 113.6
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each stick was measured using ASTM F2398 [6]. The pivot location was taken to be 0.91 m (36 inches) from the tip 
of the blade. The results of the MOI testing can be seen in Table 1.
Due to the complex shape of the taper at the hosel and curve of the blade, the geometry of the stick was modeled 
using Creo Parametric (PTC, Needham, MA). The solid model was then imported into LS-PrePost (Livermore 
Software Technology Corporation, Livermore, CA) where the shaft and blade were meshed using 8-node solid brick 
elements. The mesh between the wood shaft and fiberglass blade was modeled to resemble the geometry seen in the 
stick by morphing the shapes of the elements at the interface as seen in Figure 1. The stick had a total of 3528 
elements, 2868 elements for the shaft of the stick and 660 elements for the blade.
The shaft had a rectangular cross section of 20 mm by 30 mm and the blade had a rectangular cross section of 65 
mm by 5.6 mm at its centre. This corresponded to a second moment of inertia of 20,936 mm4 and 1034 mm4 for the 
stick and blade (measured about the compliant axis), respectively. Both the blade and shaft were modelled as elastic, 
isotropic materials. Since the stick and blade primarily undergo simple bending during puck impact, the isotropic 
model used here is a good approximation.
Elastic properties for the wood stick and fiberglass blade were taken from the literature [7,8]. The stick was 
modelled as a rectangular cross-section with sharp corners, while sticks used for play have cross-sections with 
rounded corners. The fibre volume fraction of the fibre-glass used to reinforce the blade was not known. For these 
reasons the material properties of the stick and blade were tuned until the model agreed with the measured MOI,
bending stiffness and modal response. The weight and stiffness properties of the stick model are included in Table1. 
2.2. Puck Model
The puck coefficient of restitution (e) was measured using ASTM 1887 at an impact speed, vi = 15.6 m/s [9] 
using
݁ =  െ ௩ೝ
௩೔
 (3)
where vr was the rebound speed. Puck stiffness (k) was measured using a similar impact test according to ASTM 
F2845 [10]. A load cell measured the impact force as shown in Figure 2. Puck stiffness was obtained from
݇ = ଵ
௠೛
ቀி೛
௩೔
ቁ
ଶ
 (4)
where mp is the mass of the puck and Fp is the peak impact force. Twelve pucks were each fired six times. The 
average e, k, and Fp over all shots was 0.427, 1641 N/mm, and 8461 N, respectively. All tests were performed at 
room temperature.
Figure 1: Mesh of blade – shaft interface Figure 2: Experimental setup to measure puck stiffness
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The puck was modeled using LS-PrePost’s cylinder shape mesher with a thickness of 25 mm and diameter of 76 
mm. The mesh consisted of 4600 8-node solid elements. A steel, rigidly supported impact surface was modeled 
using 3000 8-node solid elements and measured 10.16 cm by 5.08 cm as shown in Figure 3. The puck was described 
using a viscoelastic material model as done elsewhere [2, 3] using Eq. (1) to account for its dissipated energy. The 
values of G0, GĞ, and £ were adjusted until e and k agreed with that found experimentally to within 3%. The tuned 
viscoelastic properties are summarized in Table 2.
The experimental puck centre of gravity displacement may be obtained from integration of the load response. A 
comparison of the force-displacement of the model and experiment is presented in Figure 4. Both the model and 
experiment have a distinctive double peak. High speed video of the impact showed an elastic wave traveling through 
the thickness direction of the puck causing the double peak.
2.3. Slap Shot Model
The motion of a slap shot was described using a 32 year old right handed, male, high calibre, recreational player. 
The motion of the stick and players hands were captured using high speed video as explained in detail elsewhere 
[11].  
An ice surface was described in the FEA model using 100 constrained 0.25 by 0.25 m shell elements with a 
thickness of 0.025 m. The ice was modelled as a linear-elastic material with a Young’s modulus of 11.2 GPa and a 
Poisson’s ratio of 0.29 [12]. The gloves were modelled as 114 by 102 by 114 mm rectangles. The stick was given an 
initial angular velocity of 16.2 rad/sec that was applied to the stick with a longitudinal centre of rotation of 0.223 m, 
and a transverse centre of rotation of 0.344 m with origin being the butt end of the stick. 
The gloves were given a prescribed displacement corresponding to that observed in the field study [11]. The 
centre of the top and bottom glove were located 0.221 and 0.820 m from the butt end of the stick, respectively. The 
tracked glove motion from the field study was fit to third order polynomials and applied to the model in 0.1 ms 
increments. Contact between the blade and puck, blade and ice, ice and puck, and hands and stick were managed 
using the surface to surface contact control in LS Dyna. The ice was frictionless, while the coefficient of friction 
between the blade and the puck was 0.7 [13].
Figure 3: Deformed puck viscoelastic
material model
Figure 4: Load - displacement plot for puck numerical model and
experimental results
0
2000
4000
6000
8000
10000
0 1 2 3 4
Fo
rc
e 
(N
)
Displacement (mm)
Model
Experiment
Table 2: Puck viscoelastic properties
ȡ (kg/m3) Ȟ G0 (MPa) G (MPa) ȕ
1425 0.495 414 26.9 78,500
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The glove was modelled with three concentric regions as shown in Figure 5. The glove exterior was given an 
intermediate stiffness so the prescribed motion was followed while accommodating small discontinuities in the 
motion. The intermediate section was given high stiffness to impart structure to the glove as occurs from a bony 
hand. The interior region was given a low fleshy stiffness to allow the stick to move relative to the glove as occurs in 
play (THUMS, Toyota Motor Corporation). A summary of the properties used for the glove materials is given in 
Table 3.
3. Model Results
3.1. Model Kinematics and Forces
In a slap shot, the blade contacts the ice prior to puck contact. This loads the stick and stores energy. We define di
as the distance from the puck to the initial blade-ice contact location. The effect of stick loading was considered by 
varying 6 < di < 38 cm at 2.5 cm intervals. The effect of di on puck speed is shown in Figure 6, where an optimum at 
di = 24 cm was observed. As di increases the energy from the initial loading dissipates so puck speeds decreases. As 
di decreases there is not enough time for the stick to load so there is less stored energy available to return to the 
puck. 
Higher puck speeds were observed in the field study when the puck impacted the blade near the toe. We define db
as the distance from the toe to the impact location on the blade. The effect of impact location was considered for 7 < 
db < 22 cm at 2.5 cm increments. An optimum was observed at db = 6 cm. Relatively few impacts occurred in the 
field study for db < 5 cm, which likely prevented an experimental optimal db from being observed. 
3.2. Effects of Stick and Puck Properties
The effect of stick stiffness was considered by varying the blade and shaft stiffness independently as shown in 
Figure 7. The results show increasing puck speed with increasing EIs. This is consistent with a constant 
displacement boundary condition [11]. (Note, however, that the large forces encountered in a slap shot suggest that a 
constant force boundary condition may be more appropriate.)
The effect of blade stiffness on puck speed, which has not been previously considered, is shown in Figure 7. As 
seen in this figure, the puck speed decreased with increasing blade stiffness in contrast to the effect of shaft stiffness 
Figure 5: Model of hand and glove including flesh, bone and viscoelastic foam
000–000 Table 3: Material properties for viscoelastic glove model 
Part Material
ȡ
(kg/m3)
K
(MPa)
G0
(MPa)
G
(MPa) ȕ
Damping 
Coefficient 
ȝ
E
(GPa)
Poisson's 
ratio Ȟ
Exterior Viscoelastic 160 689 138 6.98 68,000 - - -
Interior Rubber/foam 1051 1000 - - - 0.1 - -
Intermediate Elastic 1998 - - - - - 10 0.1
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on performance. Although a more compliant blade is better for higher performance, the difference was only 3.9 km/h 
for bending stiffnesses of 12.1 N-m2 and 30.4 N-m2. The contradicting trends of the blade and stick stiffness on puck 
speed may be due to the effect of stiffness on the number of blade-puck impacts. In a typical shot, the blade and 
puck contact multiple times, with each impact imparting more energy and increased speed to the puck. 
4. Summary
The forgoing has described the first dynamic finite element model of the ice hockey slap shot documented in
literature. The kinematics of blade-ice contact and blade-puck contact were similar to those found experimentally, 
yet the coefficient of restitution was higher. Maximum shot speeds were observed when the distance between the 
puck and blade-ice impact distance was 24 cm. Puck speeds also increased with impacts closer to the toe of the 
blade. Puck speeds increased with an increase in shaft stiffness. An increase in blade stiffness led to a decrease in 
shot speeds, although the decrease was minimal. The results suggest that numeric simulations may have utility in 
evaluating ice hockey performance.
References
[1] Hache, A. (2002). The Physics of Hockey. Baltimore, MD: John Hopkins Univeristy Press.  
[2] Shenoy, M. M., Smith, L. V., & Axtell, J. T. (2001). Performance assessment of wood, metal and composite baseball bats. Composite 
Structures, 52, 697-404.  
[3] Biesen, E., & Smith, L. (2007). Describing the plasitc deformation of aluminum softball bats. Sports Engineering, 10, 185-194.  
[4] Mustone, T., & Sherwood, J. (2000). Using LS-DYNA to develop a baseball bat performance and design tool. Detroit, MI: Proceedings of 6th 
international LS-DYNA Users Conference.
[5] Hannon, A., Michaud-Paquette, D.J., P., & Turcotte, R. (2011). Dynamic strain profile of the ice hockey stick: comparisons of player calibre 
and stick shaft stiffness. Sports Engineering, 14, 57-65.  
[6] ASTM F2398. (2011). Standard Test Method for Measuring Moment of Inertia and Center of Percussion of a Baseball or Softball Bat. West 
Conshohocken, PA: ASTM International. 
[7] Kretschmann, D. E. (2012). Mechanical Properties of Wood. In Wood Handbook (pp. 5-1 - 5-46). Madison, WI.  
[8] Gibson, R. F. (2007). Principles of Composite Material Mechanics. CRC Press. 
[9] ASTM 1887. (2009). Standard Test Method for Measuring the Coefficient of Restitution (COR) of Baseballs and Softballs. West 
Conshohocken, PA: ASTM International. 
[10] ASTM F2845. (2010). Standard Test Method for Measuring the Dynamic Stiff (DS) and Cylindrical Coefficient of Restituiton (CCOR) of 
Baseballs and Softballs. West Conshohocken, PA: ASTM International. 
[11] Kays, B., & Smith, L. (2014). Field Measurement of Ice Hockey Stick Performance and Player Motion. Conference of International Sports 
Engineering Association (pp. 563-568). Sheffield, England: Procedia Engineering. 
[12] Petrovic, J. J. (2003). Mechanical properties of ice and snow. Journal of Matericals Science, 1-6. 
[13] Friction and Coefficients of Friction. (2013, March 22). Retrieved from The Engineering Toolbox: 
http://www.engineeringtoolbox.com/friction-coefficients-d_778.html
Figure 6: Effect of ice impact behind puck and distance
from blade toe on shot speed
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Figure 7: Effect of shaft and blade stiffness on shot speed
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